To evaluate the source location and clinical significance of rhythmic mid-temporal theta discharges (RMTD) by MEG in non-epileptic and epileptic patients, we conducted simultaneous MEG and EEG recordings with a whole-scalp 306-channel neuromagnetometer in three patients: one with right temporal lobe epilepsy (TLE), one with right frontal lobe epilepsy (FLE), and one with tension headache. We visually detected the RMTD activity and interictal spikes, and then localised their generators by MEG source modelling. We repeated MEG measurement 3 months after right anterior temporal lobectomy (ATL) in the TLE patient; 3 months after anticonvulsant medication in the FLE patient. In epileptic patients, RMTD activities were found during drowsiness over the left temporal channels of both MEG and EEG recordings, and their generators were localised to the left posterior inferior temporal region. In the patient with tension headache, RMTD was localised in the right inferior temporal area. When the epileptic patients became seizure free with disappearance of epileptic spikes, RMTD was still found over the left temporal channels. Besides, some bursts of RMTD appeared also in the right temporal channels in our TLE patient after ATL. Our results indicate that the source of RMTD activity is located in the fissural cortex of the posterior inferior temporal region. As a physiologic rhythm related to dampened vigilance, RMTD has no direct relation to epileptogenic activity.
INTRODUCTION
Rhythmic 5-7 Hz activities in patients with psychomotor seizures 1 have been termed 'psychomotor variant' 2 . Earlier studies have tried to evaluate the clinical correlates of this EEG pattern, but there remain controversies regarding its clinical significance [3] [4] [5] [6] . The characteristic rhythmic discharges of theta frequency in the temporal area are also called 'rhythmic mid-temporal discharges' (RMTD) 7, 8 or 'rhythmic temporal theta bursts of drowsiness' 9 . Although some studies have found its occurrence in nonepileptic subjects [10] [11] [12] [13] , the exact location of this rhythmic activity and its relation to temporal lobe structures remains unclear.
Magnetoencephalography (MEG) can detect cerebral magnetic fields and localise the underlying electric currents. MEG has been used to study the generator sites of spontaneous activities during sleep [14] [15] [16] [17] [18] . In this study, we simultaneously recorded MEG and EEG using a whole-scalp MEG to localise the sources of RMTD and spike activities in one non-epileptic patient and two epileptic patients; one with temporal lobe epilepsy (TLE) and the other with frontal lobe epilepsy (FLE). MEG/EEG recordings were repeated 3 months after epileptic surgery in the TLE patient, and 3 months after anticonvulsant medication in the FLE patient. To our knowledge, this is the first MEG study on RMTD and its clinical evolution in relation to the epileptogenic focus.
METHODS

Patients
We studied three patients whose scalp EEGs in common showed rhythmic theta activities during drowsiness with maximum amplitude in the mid-temporal electrodes, characteristic of RMTD activity. Patient 1, a 30-year-old woman, has been suffering from medically intractable complex partial epilepsy (motionless staring, fumbling of her right, and tonic posturing of her left hand) since the age of 24. Magnetic resonance (MR) images of her brain showed no structural abnormality. She was suspected to have a seizure focus in the right anterior temporal region during presurgical evaluation in Taipei Veterans General Hospital based on intensive video-scalp EEG recordings, positron emission tomography, interictal and postictal single photon emission computerised tomography, and magnetic resonance spectroscopy. Thus, she subsequently underwent an anterior temporal lobectomy (ATL). Patient 2, a 28-year-old man, has suffered from complex partial seizures (restlessness with automatisms of his limbs, laughing, and pelvic thrusting) for 3 years. Intensive video-scalp EEG study showed interictal and ictal epileptiform discharges arising from the right frontal lobe. His seizure frequency reduced after using carbamazepine. Patient 3, a 32-year-old woman, has experienced intermittent tension-type headache for about 1 year with no structural abnormality on MR images of her brain. Scalp EEG showed no focal slowing or unequivocal epileptiform discharges.
MEG recordings
MEG recordings were conducted in a magnetically shielded room with a whole-scalp 306-channel neuromagnetometer (Vectorview TM , 4-D Neuroimaging) 19 which comprises 102 identical triple sensor elements. Each sensor element consists of two orthogonal planar gradiometers and one magnetometer coupled to a multi-SQUID (Superconducting QUantum Interference Device) and thus provides three independent measures of the magnetic fields. During the recordings, the patient lay comfortably with the head supported against the helmet of the magnetometer. The exact location of the head with respect to the sensors was found by measuring magnetic signals produced by currents led to four head indicator coils placed at known sites on the scalp. The locations of the coils with respect to anatomical landmarks on the head were determined with a three-dimensional (3-D) digitiser to allow alignment of the MEG and MR image co-ordinate systems 20 . MR images of the patient's brain were acquired with a 3-T Brucker Medspec300 scanner (Germany).
MEG and scalp EEG (10-20 system) measurements were done in the afternoons. Spontaneous MEG and EEG activities were recorded for 3-4 minutes in each session. A total of 10 recording sessions were obtained. Head position was measured immediately prior to each session. Throughout the recording of spontaneous activities, one of the experimenters (Y.Y. Lin) closely watched the video monitoring to make sure the patient's head position did not change.
MEG/EEG recordings were repeated 3 months after right ATL in Patient 1 and 3 months after carbamazepine treatment in Patient 2.
Source modelling
An equivalent current dipole (ECD) model was used to estimate the source locations of spontaneous spikes and rhythmic theta activities. The source analysis was based on signals recorded by the 204 gradiometers. Epochs of 500-600 millisecond duration with clear interictal spikes or RMTD activity were visually selected for further analysis. During these time windows (from the beginning of the main deflection to its return to the baseline level) the magnetic field patterns were first visually surveyed in 2 millisecond steps to create the initial guess at the number of active sources within that time period and to estimate the stability of the dipolar magnetic field pattern. The ECDs, best describing the measured data, were found by a least-squares search using subsets of 16-25 channels around the maximum responses. These calculations resulted in the 3-D locations, orientations, and strengths of the ECDs in a spherical conductor model, which was based on this patient's MR images. We evaluated the dipole model by calculating goodness-of-fit and only ECDs explaining more than 85% of the field variance at selected time period over a subset of MEG channels were used for further analysis.
After identifying the single dipole, we extended the analysis period to the entire measurement epoch and took all channels into account in computing a time-varying multi-dipole model; the strength of the previously found ECD was allowed to change as a function of time while its orientation and location were kept fixed. To evaluate the validity of the dipole model, we compared the measured signals with responses predicted by the model. If signals of some brain region were left inadequately explained by the model, the data were re-evaluated for more accurate estimation of the generators. This approach, explained previously in detail 20 , has been successfully applied in previous MEG studies [17] [18] [19] [20] . In the present study, single ECD well explained most measured signals, thus we used a single ECD as the neural source of individual spike or RMTD activity.
RESULTS
Patient 1 and 2 became seizure free after surgical and medical treatment, respectively, in association with the absence of spike activity in follow-up recordings of MEG/EEG. Both patients had RMTD activity before and after effective treatment for epilepsy.
RMTD activity emerged intermittently when patients got drowsy, but it disappeared during wakefulness or deeper sleep stages with vertex sharp waves or K-complexes. Fig. 1 shows RMTD activity during drowsiness in all patients. In Patient 1, over the left temporal (LT) MEG and EEG channels exists a short run of rhythmic theta activity with frequency at 5.5-6 per second, likely to be RMTD activity. On the other hand, interictal spikes (arrows) and intermittent slow waves were found over the right temporal MEG (RT) and EEG (F8 maximal) channels. Video-EEG study in this patient also showed interictal and ictal epileptic activity arising from her right anterior temporal region. Throughout the 30-minute MEG/EEG recording there were 19 runs of RMTD activity exclusively appearing over the left side. Patient 2 had RMTD activity at about 6 Hz over the left temporal MEG and EEG channels. Interictal spikes (arrows) were found in the right anterior frontal MEG (RF) and EEG (Fp2 maximal) channels. Video-EEG study of this patient showed interictal and ictal seizure activities arising from the right frontal lobe. He was then medicated with carbamazepine.
RMTD activity was also found in the right temporal MEG and EEG channels of Patient 3 with tension headache. Patient 1 became seizure free after right ATL and postoperative MEG/EEG measurement at 3 months showed no epileptiform discharges, whereas 21 runs of RMTD activity were found over the left temporal region during 30-minute MEG/EEG recordings. Some bursts of RMTD activity were also found over the right temporal region. Patient 2 had no epileptic seizures after using an antiepileptic drug (carbamazepine) and the MEG/EEG follow-up 3 months later showed no epileptic spike activity, but bursts of RMTD activity were still found over the left hemisphere maximal in the temporal area.
DISCUSSION
RMTD was originally recorded with EEG characteristics of a burst of rhythmic, sharply contoured waves with notched or flat-topped morphology ranging in frequency from 5 to 7 Hz occurring over the temporal regions 5 . The exact nature of the RMTD source remains unclear. Recently, MEG has been applied to localise the source location of various spontaneous brain rhythms during sleep [14] [15] [16] [17] [18] . With a whole-scalp neuromagnetometer we observed RMTD over both MEG and EEG channels in two epileptic patients, suggesting RMTD may originate mainly from fissural cortices since MEG measures primarily signals from currents tangential to the brain surface. Moreover, the generators of RMTD were located in the posterior inferior temporal region by current dipole modeling. A previous study with electrocorticogram recording 2 has reported focal theta activity over the inferior temporal region which has been suspected to be RMTD activity generated in deep structures with subsequent projection into the temporal lobe 7 . However, dipole moments of the observed strength can hardly be explained by sources generated in the thalamus, because the expected area of source activation would be considerably extended in the thalamus or other deeper structures 21 . Accordingly, we consider the sources of RMTD to be cortical, although the driving influence from subcortical input could not be ruled out.
The area of scatter for the dipoles of magnetic RMTD activities, especially for Patient 1 is substantial (Fig. 3) . In EEG studies, confidence intervals of single dipole location have been reported useful to estimate the validity of neural source localisation 22 . Magnetic signals are not distorted by scalp and skull and the use of a spherical model relative to the exact head shape would introduce small errors (<1 cm) in source localisation 23 . We evaluated the validity of individual ECD by measuring the correlation between the forward calculated magnetic fields and the measured signals. Thus, the scattering locations of consecutive RMTD activities might indicate the presence of fairly distributed generators in the posterior temporal region.
The functional role of the posterior inferior temporal region remains incompletely known. Previous monkey studies have reported the involvement of the inferior temporal cortex in attentional visual search 24 . Human studies have also observed its contribution to attentional processes in a time estimation task 25 and in spatial coding 26 . However, typical attention related cortices are closer to the parietal regions. Our results showed RMTD was present during drowsiness, but not found in wakefulness or deep sleep, in line with earlier observations that the appearance of RMTD depends on the vigilance state 9, 27 . We suspected RMTD activity generated in the inferior temporal region would be a physiologic rhythm transitional between wakefulness and deep sleep.
Rhythmic theta waves have been recorded during an ictal automatism 28 and during the interictal period in patients with complex partial seizures 1 . These activities were, thus, termed 'psychomotor variant' 2 . However, controversies have existed in the literature regarding the clinical significance of the rhythmic theta waves in temporal regions [3] [4] [5] [6] . Lipman and Hughes 7 analysed the spectrum of clinical symptomatology in patients with RMTD activities on EEG recordings and showed that RMTD could appear in either epileptic or non-epileptic patients, without particular preference to the former group. In the present study, the clinical and MEG/EEG follow-up in two epileptic patients showed that RMTD was present before and after effective control of seizure activity. Furthermore, RMTD activity was also found in one non-epileptic patient and its generator was also situated in the inferior temporal area. In line with previous observations 27, 29 , our results indicate that RMTD activity does not have a direct relationship to seizure activity.
Asymmetries of physiologic rhythms, such as sleep spindles, vertex waves, and K-complexes, may be related to reduced cerebral activity in the vicinity of a structural abnormality. Some studies have reported that RMTDs occur with equal frequency on the left and right sides 7 . In two consecutive epileptic patients in our study, RMTDs occurred exclusively on the non-epileptic side. Postoperative follow-up in Patient 1 showed RMTD activity became bilaterally distributed in association with the absence of spike activity and intermittent slow waves, indicating that the reappearance of RMTD on a previously dysfunctional side may reflect a sign of functional recovery.
